Extracellular matrix (ECM) remodeling occurs during normal homeostasis and also plays an important role during development, tissue repair, and in various disease processes. ECM remodeling involves changes in the synthesis, deposition, and degradation of ECM molecules. ECM molecules can be degraded extracellularly, as well as intracellularly following endocytosis. Our data show that the ECM protein fibronectin is an important regulator of ECM remodeling. We previously showed that agents that inhibit the polymerization of fibronectin into ECM fibrils promote the loss of preexisting fibronectin matrix and accelerate fibronectin endocytosis and degradation. In this paper we show that inhibition of fibronectin polymerization leads to the loss of collagen I matrix fibrils and a corresponding increase in the levels of endocytosed collagen I. In contrast, manipulations that stabilize fibronectin matrix fibrils, such as caveolin-1 depletion, stabilize collagen I matrix fibrils and cause a decrease in ECM collagen I endocytosis. Our data also show that endocytosis of ECM collagen I is regulated by both ␤1 integrins and Endo180/urokinase plasminogen activator associated protein (uPARAP). Unexpectedly, Endo180/uPARAP was also shown to promote the endocytosis of fibronectin from the ECM. These data demonstrate that fibronectin polymerization regulates the remodeling of ECM collagen I, in part, by regulating collagen I endocytosis. Furthermore, these data show that processes that regulate ECM deposition coordinately regulate the removal of proteins from the ECM. These data highlight the complexity of ECM remodeling. This multifaceted regulatory process may be important to ensure tight regulation of ECM fibronectin and collagen I levels. extracellular matrix; integrin; endocytosis; Endo180; urokinase plasminogen activator-associated protein EXTRACELLULAR MATRIX (ECM) remodeling is a critical process that occurs during development and tissue repair. ECM remodeling also occurs in a variety of pathological conditions, such as hypertension, restenosis following angioplasty, heart failure, fibrosis, and cancer (1, 4, 39, 68) . ECM synthesis, deposition, and degradation are all components of ECM remodeling. The balance between these processes determines whether net accumulation or loss of ECM occurs. Different ECM proteins, and combinations of proteins, can have distinct effects on the phenotype of cells, affecting such important processes as cell survival, growth, differentiation, and migration (2, 42, 55, 59, 64) . Additionally, ECM fragments produced by proteolysis can accumulate in vivo and contribute to changes in cell behavior (3, 24, 44, 63) . ECM fragments can have properties distinct from the intact parental proteins (8, 14, 41) . Hence, mechanisms that limit the accumulation of ECM fragments are likely to be important for regulating a variety of cell processes.
A variety of extracellular proteases regulate ECM degradation. Prominent among these proteases are matrix metalloproteinases (MMPs). MMPs are important regulators of cell migration and growth (1, 16, 25) . MMPs are also known to release bioactive matrix fragments following cleavage of certain ECM proteins (14, 17, 20) . Degradation of ECM proteins can also occur intracellularly in the lysosomes following endocytosis. A number of ECM molecules are known to be endocytosed and degraded in the lysosomes, including collagen I, fibronectin, vitronectin, thrombospondin, and proteoglycans (11, 12, 18, 34, 43, 52) . Endocytosis may be an important mechanism that limits the accumulation of extracellular ECM fragments. Several receptors have been shown to regulate endocytosis of ECM molecules, including integrins, proteoglycans, and Endo180/urokinase plasminogen activator associated protein (uPARAP) (11, 12, 31, 38, 43) .
Collagen I is the major ECM protein in the body. Dynamic regulation of collagen I production and degradation is a key event in tissue repair. Degradation of collagen I by MT1-MMP has been shown to be critical for cell migration in threedimensional matrices (25) . Interestingly, newly synthesized collagen has also been shown to be necessary for smooth muscle cell (SMC) and epithelial cell migration (47, 56) . In addition, fibronectin-directed collagen I deposition has also been shown to be important for myofibroblast migration (55) .
We and others have previously shown that the deposition (polymerization) of fibronectin into the ECM regulates the deposition of type I collagen (53, 55, 61) . In the absence of fibronectin and fibronectin polymerization, collagen I fibrils are not deposited into the ECM, despite the presence of soluble collagen I (55, 61) . Our previously published data also show that agents that inhibit the deposition of fibronectin into the ECM result in turnover of fibronectin and collagen I matrix fibrils (53) . Fibronectin that is lost from the ECM is endocytosed in a ␤1 integrin and caveolin-1-dependent process and degraded in the lysosomes (51, 52) . Recent studies have shown that the mannose receptor family member Endo180/uPARAP can bind to soluble collagen I and mediate its endocytosis (12, 62) . Certain ␤1 integrins can also bind to collagen and have been implicated in phagocytosis of collagen-coated beads (32, 50) . Most studies that have examined the endocytosis of collagen I have assayed the uptake of either soluble collagen or collagen-coated beads. The ability of integrins and Endo180/ uPARAP to endocytose cell-derived polymerized collagen matrices has not been explored. In addition, the role of fibronectin polymerization in regulating the endocytosis of matrix collagen I is unknown. In this paper, we examined the role of fibronectin polymerization and the involvement of ␤1 integrins and Endo180/uPARAP in regulating the endocytosis of matrix collagen I. These studies add important new information concerning the role of fibronectin polymerization in regulating ECM remodeling and the multiple receptor systems that are involved in regulating collagen I uptake.
MATERIALS AND METHODS

Immunological Reagents and Chemicals
Antibodies to ␤1 (Ha2/5), ␤3 (2C9.G2), and ␣v integrins (H9.2B8) and ERK1/2 were from BD Biosciences (San Diego, CA). Antibodies to Endo180 were a generous gift from Dr. Niels Behrendt (The Finsen Laboratory, Copenhagen, Denmark). Texas red (TR) and Alexa Fluor 488 (AF488) conjugation kits and CellTracker green CMFDA were from Invitrogen (Carlsbad, CA). GM6001 and the control compound were from Calbiochem (EMD Chemicals, Gibbstown, NJ). Collagenase II was from Worthington (Lakewood, NJ).
Proteins
Human fibronectin was purified from Cohn's fractions 1 and 2 (a generous gift from Dr. Ken Ingham, American Red Cross, Bethesda, MD) as previously described (37) . Rat fibronectin was purified from rat serum on columns of gelatin-Sepharose (Pharmacia, Piscataway, NJ). pUR4 (also known as FUD, functional upstream domain) and the control III-11C peptides were purified from bacterial lysates on nickel-agarose columns as previously described (58) . Recombinant vitronectin was produced in bacteria as previously described (67) . Rat collagen type I (collagen I) was purchased from UBI (Lake Placid, NY) or BD Biosystems. AF488 and TR-conjugated fibronectin were made according to the manufacture's protocol (Molecular Probes/ Invitrogen). For labeling of collagen I with TR, collagen was first diluted to 1 mg/ml in 0.01 N acetic acid, dialyzed into 0.1 M phosphate buffer (pH 7.6), and then dialyzed into 0.05 M carbonate buffer (pH 9) containing 0.4 M NaCl. TR was added to the collagen in carbonate buffer and incubated at room temperature for 30 min. Unreacted dye was removed by exhaustive dialysis. Labeled collagens were spun at 100,000 g at 4°C for 1 h to remove insoluble aggregates. The supernatant was stored in 0.01 N acetic acid at 4°C.
Cell Culture
We previously described the isolation of fibronectin-null (FN) cells from fibronectin-null embryos (54) . These cells were adapted to grow in defined media to establish a model system in which all cell-and serum-derived fibronectin was eliminated (54) . We characterized these cells as myofibroblasts (FN-null MF) based on their expression of some SMC marker proteins (SM calponin and SM ␣-actin) but not others (SM22 and desmin) and on their ability to contract collagen gels (22, 55) . Stable FN-null MF cell lines expressing caveolin-1 small interfering RNA (siRNA) (shcav) and control cells expressing siRNA to luciferase (shluc) were previously described (52) . Rat aortic SMCs were obtained from Cell Applications (San Diego, CA) and maintained in serum-containing media (Cell Applications). Endo180 null and littermate control cells were generous gifts from Dr. Bugge (NIH, Bethesda, MD) (12) . Endo180 null and control cells were spontaneously immortalized by using procedures similar to those used to produce 3T3 cells (57) . For some experiments, Endo180 null and control cells were used before immortalization. GD25 ␤1 integrin null cells and GD25 cells that reexpress human ␤1 integrin were gifts from Dr. Reinhardt Fassler (Max-Planck-Institute for Biochemistry, Martinsried, Germany) (65), and Dr. Susan LaFlamme (Albany Medical College, Albany, NY) (46) respectively.
Pulse-Chase Assays
Long-term pulse-chase assays. FN-null MFs were incubated ("pulsed") overnight with 10 g/ml fibronectin and 5-10 g/ml labeled collagen. Cells were washed and then incubated ("chased") with culture medium lacking labeled fibronectin or collagen at 37°C for various lengths of time.
For some experiments, cells were incubated with the fibronectin polymerization inhibitor pUR4 during the chase to promote ECM turnover.
Short-term endocytosis assays. GD25 and GD25 ␤1 reexpressing cells were incubated with 5 g/ml fluorescently labeled collagen I for 2 h at 37°C. Cells were washed, fixed, and then processed for immunofluorescence.
Preparation of Fibronectin and Collagen I Matrices
Preassembled fibronectin and collagen matrices were prepared using a modification of our previously described procedure (51) . Briefly, FN-null MFs were incubated overnight with 10 g/ml AF488-fibronectin and TR-collagen I to allow assembly of a robust fibronectin and collagen containing matrix. Cells were incubated with lysis buffer (20 mN Na 2HPO4, pH 9.6, 1% Nonidet P-40) at room temperature for 10 min. Dishes were gently washed three times with phosphate-buffered saline (PBS). Fibronectin and collagen matrix were largely preserved after extraction (supplemental Fig. S.1 ). Cells were seeded onto preassembled matrix and incubated for 24 -48 h at 37°C. In experiments with fibronectin-producing cells, cells were incubated with the fibronectin polymerization inhibitor pUR4 to promote ECM turnover. For integrin function blocking assays, cells were preincubated with integrin inhibitory antibodies at room temperature for 15-30 min before being seeded onto preassembled matrix.
For studies with in vitro polymerized type I collagen, type I collagen that was stored in 0.01 N acetic acid was neutralized with 0.1 N NaOH then mixed with 2ϫ DMEM on ice. The final mixture contained 2 mg/ml collagen, 20 g/ml TR-collagen, and 1ϫ DMEM. The mixture was directly applied on top of cells and then incubated at 37°C for 1 h to permit polymerization of the collagen. Culture medium was then added to the wells, and the cells were cultured for 48 h. The collagen gel was gently removed from the cell layers, and the cells were then treated with 0.02% trypan blue for 5 min before being processed for imaging studies.
Imaging Assays
After fixation, cells were examined by using an Olympus microscope equipped with epifluorescence or with an Olympus scanning confocal microscope. Confocal images were used to assess protein colocalization. To quantitate the levels of endocytosed collagen in long-term pulse-chase assays, cells were treated with 0.02% trypan blue for 3 min at room temperature to quench extracellular fluorescence (19, 60) before fixation. To quantitate the levels of endocytosed collagen from preassembled matrix, extracellular fluorescently labeled collagen was removed by treating cells with 3 mg/ml collagenase II in digestion buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM CaCl 2, and 1 M ZnCl2) for 10 min at 37°C before fixation. Representative confocal images and corresponding differential interference contrast (DIC) images of cells were collected. A MATLab (Mathworks, Natick, MA)-based program was used to trace cell outlines and to quantitate fluorescence intensity. Background fluorescence was determined and subtracted from each image. The fluorescence intensity within individual cells was normalized by cell area. Sample sizes were Ն130 cells for each condition. For confluent cells, the fluorescence intensity was measured and reported per field of view; 4 -10 fields of view were examined per condition. Each experiment was normalized separately. The mean value of two independent experiments (Ϯ range) is reported.
Reverse Transcription Polymerase Chain Reaction
mRNA was isolated from cells using TRIzol as per the manufacturer's instructions (Invitrogen). cDNA was prepared using a Superscript First Strand Synthesis kit as per the manufacturer's instructions (Invitrogen). Reverse transcription polymerase chain reaction (RT-PCR) primers for amplification of Endo180 were based on the mouse Endo180 sequence: CTGGTCACCATCACCAACAG (forward) and TGACTTCATCCCCACTGAGC (reverse).
Electron Microscopy
FN-null MF were cultured in the presence and absence of fibronectin and in the presence of the R1R2 peptide that inhibits collagen I matrix deposition, or the control peptide, III-11C (55) . After 24 h, cells were processed for electron microscopy (EM) by the EM Research Core at the University of Rochester. Cells were fixed overnight at 4°C in a 0.1 M sodium cacodylate-buffered fixative containing 4.0% paraformaldehyde and 2.0% glutaraldehyde. Cells were postfixed in 1.0% osmium tetroxide, dehydrated through a graded series of ethanol to 100%, and infiltrated overnight in liquid Spurr epoxy resin. Size 3 BEEM capsules were filled with fresh resin, inverted, and placed over the cells and polymerized at 70°C overnight. Samples were thin sectioned at 70 nm and mounted onto uncoated 200-mesh copper grids then stained with aqueous uranyl acetate and lead citrate. An Hitachi 7650 transmission electron microscope with an attached Gatan 11 megapixel Erlangshen digital camera was used to digitally capture images. The extracellular fibrils that are detected by EM in cells incubated with the R1R2 peptide likely contain fibronectin and type III collagen, as the R1R2 peptide does not block fibronectin or type III collagen fibril formation (55) . In addition, fibronectin fibril formation can occur in the absence of type I collagen fibril formation (55) .
Western Blotting
Cells lysates were prepared as described (53) . Equal amounts of proteins were analyzed under reducing conditions by SDS PAGE, transferred to PVDF membrane, and probed with antibodies that recognize Endo180. To ensure equal protein loading, the blots were also probed with antibodies that recognize Erk1/2. Blots were imaged and analyzed using an Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE).
RESULTS
Endocytosis of ECM Collagen I is Regulated by Fibronectin Polymerization
We previously showed that fibronectin and collagen I matrix fibrils are lost under conditions where fibronectin matrix polymerization is inhibited (53) . We also showed that the major fate of ECM fibronectin that is lost from the matrix is endocytosis and lysosomal degradation (51, 52) . In this study we used long-term pulse-chase studies and cell-derived matrix assays to study the endocytosis of ECM collagen. For pulsechase studies, FN-null MF were incubated (pulsed) overnight with fluorescently labeled fibronectin and collagen I to allow them to assemble extensive ECM fibrils and then chased in the absence of exogenous fibronectin and collagen to trigger the turnover of ECM fibrils. Our published studies show that the great majority of the fibronectin that is present in the cell layers at the end of the pulse is ECM fibronectin (53) . In the present study we also used assays in which cells were seeded onto preassembled cell-derived fibronectin and collagen-containing matrices or in which cells were incubated with in vitro polymerized collagen I fibrils. It should be emphasized that most other studies that have examined the ability of cultured cells to endocytose collagen I have examined the fate of soluble collagen I or collagen-coated beads. The assays that we have used in this study examine the fate of collagen I that has been polymerized into the ECM by cells or polymerized into collagen fibrils in vitro. Hence, these assays are ideal for studying the fate of ECM collagen I.
To determine whether endocytosed collagen I can be detected in FN-null MF, pulse-chase experiments were performed with TR-labeled collagen I and Alexa Fluor (AF)-488 labeled fibronectin. After the pulse, cells produce a robust fibronectin and collagen I matrix as shown by immunofluorescence microscopy ( Fig. 1, A-C) . When examined by transmission EM, extracellular fibrillar structures can be readily detected in cells cultured in the presence of fibronectin but not in cells cultured in the absence of fibronectin (Supplemental Fig.  S.2) . Furthermore, production of type I collagen and fibronectin fibrils required the presence of cells. Addition of fluorescently labeled fibronectin and collagen I to dishes in the absence of cells resulted in diffuse fluorescence signals but no detectable fibrils (Supplemental Fig. S.3) .
After the pulse, cells were incubated for 24 h in the absence of exogenously added soluble fibronectin and collagen to promote the turnover of ECM fibronectin and collagen. We found extensive intracellular collagen I (Fig. 1D ) and fibronectin ( Fig. 1E )-containing vesicles; many vesicles contained both collagen and fibronectin (Fig. 1F ). To verify that the collagen I and fibronectin were endocytosed from the matrix, FN-null MF were seeded onto preassembled cell-derived matrices containing TR-collagen and AF488-FN and incubated for 24 h. Intracellular vesicles containing TR-collagen I (Fig. 1G ) and AF488-FN (Fig. 1H) were readily detected. There was extensive colocalization of intracellular collagen I and fibronectin (Fig. 1I ). To further demonstrate the ability of cells to endocytose type I collagen fibrils, we incubated FN-null MF in the presence of in vitro polymerized type I collagen. As shown in Fig. 1J , intracellular TR-collagen was readily detected in cells incubated with in vitro polymerized type I collagen. To establish that fibronectin-producing cells are also capable of endocytosing collagen I from preassembled matrices, SMCs were seeded onto fluorescently labeled collagen I-and fibronectincontaining matrices in the presence of the fibronectin polymerization inhibitor pUR4. We previously showed that fibronectin polymerization inhibitors can promote the turnover of ECM fibronectin and collagen I in cells that produce fibronectin (52, 53) . As shown in Fig. 1 , intracellular TR-collagen I (Fig. 1K ) and AF-488 fibronectin (Fig. 1L) were readily detected in SMC cultured on preestablished matrices. These data show that cells can endocytose collagen from cell-polymerized ECM and from in vitro polymerized fibrils.
Our previous data show that the presence of soluble fibronectin and ongoing fibronectin matrix polymerization stabilize fibronectin and collagen I fibrils and decrease fibronectin endocytosis (51) (52) (53) . In this study, we sought to determine whether the presence of soluble fibronectin similarly decreases collagen I endocytosis. To do this, cells with a preestablished fibronectin and collagen I matrix were incubated in the presence or absence of soluble fibronectin, and the effect on collagen I endocytosis was monitored by immunofluorescence microscopy. As shown in Fig. 2 , there was a dramatic decrease in the amount of endocytosed fibronectin (Fig. 2B ) and collagen I (Fig. 2D ) in cells chased in the presence of soluble fibronectin. Quantitative analysis of immunofluorescence photographs show that there was a 70% decrease in collagen I uptake in cells incubated in the presence of unlabeled fibronectin compared with cells cultured in the absence of fibronectin (Fig. 2E) . The ability of fibronectin to inhibit endocytosis of collagen I was due to its ability to become polymerized into the ECM, as soluble fibronectin failed to inhibit collagen I endocytosis when cells were coincubated with fibronectin and the fibronectin polymerization inhibitor pUR4 (Fig. 2J) . The control peptide III-11C had no effect on collagen I endocytosis (Fig. 2L) . Our previously published studies showed that fibronectin also failed to inhibit fibronectin endocytosis when cells were coincubated with fibronectin and pUR4 (51, 52) . The presence of fibronectin and ongoing fibronectin polymerization during the chase period resulted in a corresponding increase in the stability of fibronectin and collagen I matrix fibrils (supplemental Fig. S.4) . Fibronectin also inhibits the endocytosis of collagen I from in vitro polymerized collagen I fibrils (Fig. 2, N-Q) . Taken together, these data show that fibronectin and fibronectin polymerization play an important role in regulating the endocytosis and turnover of ECM collagen I.
Endocytosis of ECM Collagen I is Regulated by ␤1 Integrins
We previously showed that endocytosis of ECM fibronectin is regulated by ␤1 integrins (51) . ␤1 Integrins are known to be important for the endocytosis of collagen-coated beads (32, 50) . However, the role of ␤1 integrins in regulating endocytosis of ECM collagen I has not been previously reported. Our previously published data show that the absence of functional ␤1 integrins stabilizes fibronectin matrix fibrils and inhibits endocytosis of matrix fibronectin (51) . In this study we sought to determine whether ␤1 integrins are also involved in regulating the stability of collagen I matrix fibrils and the endocytosis of matrix collagen I. To do this, we tested whether ␤1 integrin inhibitory antibodies could stabilize collagen I matrix fibrils and block the endocytosis of collagen I from preestablished matrix. As shown in Fig. 3, A-D , cells cultured in the presence of ␤1 integrin inhibitory antibodies showed reduced turnover of ECM collagen I fibrils compared with cells treated with the control antibody. In addition, the presence of ␤1 integrin inhibitory antibodies dramatically reduced the levels of endocytosed collagen I (Fig. 3G ) compared with control antibody-treated cells (Fig. 3E) . Quantitative analysis of immunofluorescence images show that there was a ϳ60% reduction in collagen I endocytosis in cells incubated with ␤1 integrin inhibitory antibodies compared with control cells (Fig.  3I) . We previously reported that ␤1 integrin inhibitory antibod- ies also blocked fibronectin endocytosis (51) . Antibodies to ␣v (Fig. 3, J-M) or ␤3 integrins (F. Shi, unpublished data) had no effect on collagen I endocytosis. ␤1-Inhibitory antibodies similarly inhibited the ability of SMC to endocytose collagen I from the ECM (Fig. 3, N-Q) . To confirm that ␤1 integrins play an important role in regulating endocytosis of matrix collagen I, we tested the ability of GD25 ␤1 integrin null fibroblasts to endocytose collagen I from preassembled ECM. GD25 cells show reduced loss of collagen I matrix fibrils and reduced levels of endocytosed collagen I (Fig. 3U) and fibronectin (Fig. 3V ) from preassembled matrix compared with GD25 ␤1 integrin reexpressing cells (Fig. 3, R and S) . Others have shown that ␤1 integrin inhibitory antibodies do not inhibit soluble collagen I uptake (12) . Our data confirm this finding, as GD25 ␤1 null fibroblasts endocytose soluble collagen I similarly to GD25 ␤1 reexpressing cells (supplemental Fig. S.5 ). These data highlight important differences between the endocytosis of ECM collagen I and soluble collagen I.
Previous work has demonstrated that Endo180/uPARAP is an important regulator of soluble collagen I endocytosis (12, 62) . To verify that the failure of GD25 cells to endocytose matrix collagen I was not due to the absence of Endo180/ uPARAP, we used RT-PCR and Western blot analysis to determine whether GD25 cells express Endo180/uPARAP. As shown in Fig. 4 , GD25 cells contain Endo180/uPARAP mRNA (Fig. 4A) and protein (Fig. 4B) . GD25 ␤1 integrin reexpressing cells also express Endo180/uPARAP (Fig. 4) . Taken together, these data show that ␤1 integrins play an important role in regulating matrix collagen I endocytosis.
Our published data show that fibronectin endocytosis is regulated by caveolin-1 (51, 52). We previously showed that knockdown of caveolin-1 preserved fibronectin matrix fibrils and reduced fibronectin endocytosis (51, 52) . To determine whether caveolin-1 knockdown similarly affects collagen I endocytosis, we assessed the ability of FN-null MF expressing caveolin-1 siRNA (shcav) to endocytose collagen I from preestablished ECM. As shown in Fig. 5 , there was a dramatic reduction in endocytosed fibronectin (Fig. 5D ) and collagen I (Fig. 5E ) and a corresponding preservation of ECM fibronectin and collagen I fibrils in shcav cells when compared with control siRNA cells (Fig. 5, A-C) . There was also a dramatic reduction (64%) in collagen I endocytosis in shcav cells compared with control cells in long-term pulse-chase experiments (Fig. 5G) .
Endo180/uPARAP Regulates Collagen I Endocytosis From the ECM
Endo180/uPARAP has recently been shown to regulate the endocytosis of soluble collagens (11, 12, 62, 66) . The role of Endo180/uPARAP in regulating the endocytosis of cell-derived ECM collagen I has not been previously studied. To determine whether Endo180 regulates the turnover of ECM collagen I, we seeded Endo180 null cells and cells derived from wild-type (WT) littermates on preassembled fibronectin and collagen I-containing matrices. As shown in Fig. 6 , Endo180 null cells are defective in their ability to endocytose ECM collagen I (Fig. 6E ). There was a corresponding preservation of ECM collagen I fibrils in Endo180 null cells. Surprisingly, Endo180 null cells were also impaired in their ability to endocytose ECM fibronectin. There was an increase in the stability of fibronectin matrix fibrils and a corresponding decrease in endocytosed fibronectin (Fig. 6D) in Endo180 null cells compared with WT cells (Fig. 6A) . Endo180 cells are able to bind to fibronectin and assemble a robust fibronectin matrix (F. Shi, unpublished data). Endo180 null cells also express similar levels of ␣5-and ␤1 integrins as WT control cells [ (12) and F. Shi, unpublished data]. Hence, the failure of Endo180/uP-ARAP to turnover and endocytose ECM fibronectin is not due to decreased ␤1 integrin levels or to the inability of Endo180/ uPARAP null cells to interact with fibronectin.
Role of MMPs in Regulating Fibronectin and Collagen I Endocytosis From the ECM
Recent data indicate that MMPs cooperate with Endo180/ uPARAP in regulating collagen I turnover (33, 62) . In addition, cleaved or heat-denatured collagen I was shown to be a preferred ligand for endocytosis by Endo180/uPARAP (33) . Therefore, we asked whether MMP inhibitors could block the turnover of collagen I and fibronectin matrix fibrils and the endocytosis of ECM collagen I. To determine the role of MMPs in regulating ECM fibril loss, a fibronectin pulse-chase experiment was performed in the presence and absence of the MMP inhibitor GM6001. As shown in Fig. 7 , FN-null MF assembled a robust fibronectin (Fig.   7A ) and collagen I (Fig. 7B) -containing matrix when pulsed overnight with fluorescently labeled ECM proteins. Cells were then incubated in the absence of added fibronectin and collagen and in the presence or absence of GM6001. GM6001 largely preserved fibronectin (Fig. 7G ) and collagen I (Fig. 7H ) matrix fibrils. In contrast, there was a dramatic loss of fibronectin (Fig.  7D ) and collagen I (Fig. 7E ) matrix fibrils in control treated cells. We next examined the effect of GM6001 on collagen I endocy- Long-term pulse-chase assay were performed in FN-null MFs expressing caveolin-1 siRNA (shcav) or control cells (shluc) as described in MATERIALS AND METHODS. Cells were chased for 14 -18 h in the absence of exogenously added fibronectin and collagen I. Fluorescent images were quantitated as described in MATERIALS AND METHODS. The fluorescence intensity is reported as intensity per field of view. The graph in G shows the fold change relative to the mean fluorescence intensity of endocytosed TR-collagen I in cells expressing control siRNA (shluc), which was set equal to 1 in each individual experiment.
tosis. GM6001 caused a drastic reduction in endocytosed collagen I (Fig. 7, J-M) . These data show that extracellular proteolysis of collagen I contributes to enhanced loss of matrix fibrils and subsequent endocytosis.
DISCUSSION
The ability of cells to produce, organize, and remodel their ECM is a key property that allows cells to respond to changes in their extracellular environment. Alterations in the composition and organization of the ECM can have a profound influence on cell migration, growth, and survival. In addition, fragments of ECM molecules generated during ECM remodeling can have effects on cell function that are distinct from those of the intact molecules (14, 41, 48, 69) . Hence, understanding how cells remodel their ECM may provide insight into methods that could be used to maintain or improve tissue function in diseases associated with aberrant ECM remodeling. In this paper we show that the polymerization of fibronectin into the ECM regulates the turnover and endocytosis of ECM collagen I. This is the first demonstration that the deposition of one ECM molecule can affect matrix remodeling by regulating the endocytosis of other ECM molecules. In addition, we demonstrate that the endocytosis of ECM collagen I depends on two different receptors: ␤1 integrins and Endo180/uPARAP. Furthermore, we show that endocytosis of ECM collagen I is regulated by matrix metalloproteinases and caveolin-1. Our data highlight the complexity of collagen I matrix turnover. This complex multilayered regulation of collagen I turnover may ensure tight control over the accumulation of extracellular collagen I and collagen I fragments.
We previously showed that the polymerization of fibronectin into the ECM has important consequences for cells and can influence the stability of fibronectin, collagen I, collagen III, and thrombospondin 1 matrix fibrils (53, 55) . We and others have shown that fibronectin polymerization can also promote cell migration and growth and regulate cell differentiation (7, 9, 21, 49, 55) . Fibronectin polymerization also plays a key role in regulating vascular tone, angiogenesis, and vascular remodeling (9, 23, 70) . Fibronectin may exert some of these effects by virtue of its ability to organize other molecules into fibrils in the ECM. For example, we and others have shown that the deposition of collagen I and III into ECM fibrils requires fibronectin polymerization (53, 55, 61) . Furthermore, we previously showed that agents that disrupt fibronectin polymerization disrupt the deposition of other matrix molecules and can trigger the loss of ECM collagen I fibrils (53) . In this paper we show that the loss of ECM collagen I fibrils that occurs when fibronectin polymerization is blocked is accompanied by an increase in collagen I endocytosis (Fig. 2) . Interestingly, all agents tested that block the turnover of fibronectin matrix fibrils have a corresponding effect on the turnover and endocytosis of collagen I. Downregulation of caveolin-1, inhibition of ␤1 integrins, ongoing fibronectin matrix polymerization, and inhibition of MMPs all stabilize fibronectin and collagen I matrix fibrils and result in decreased endocytosis of collagen I (Figs. 2, 3, 5, and 7) . Fibronectin is known to bind to the site in collagen I that is cleaved by collagenases to produce collagen one-quarter and three-quarter fragments (27, 30) . Furthermore, fibronectin has been shown to protect collagen I from digestion by collagenase (36) . Our data (Fig. 7) as well as published data show that MMP inhibitors can block the endocytosis of collagen I (33, 62) . Hence, fibronectin may inhibit collagen I endocytosis by protecting it from cleavage by MMPs. Fibronectin may also affect collagen I endocytosis by mechanisms that are distinct from its effects on MMP cleavage. For example, our unpublished data show that fibronectin polymerization can decrease ␤1 integrin endocytosis. In this paper we show that ␤1 integrins positively regulate collagen I endocytosis (Fig. 3) . Hence, the ability of fibronectin polymerization to inhibit ␤1 integrin endocytosis could contribute to its ability to decrease collagen I endocytosis.
Previous studies have shown that ␤1 integrins are involved in the endocytosis of collagen-coated beads (5, 32, 50) . However, the ability of ␤1 integrins to regulate endocytosis of ECM collagen has not been previously demonstrated. Others have shown that ␤1 integrin inhibitory antibodies have no effect on the endocytosis of soluble collagen I (12) . In support of this, our data show that GD25 ␤1 integrin null cells are not impaired in their ability to endocytose soluble collagen I (supplemental Fig. S.5 ). In contrast, there is a striking decrease in the endocytosis of collagen I from the ECM of cells that lack functional ␤1 integrins (Fig. 3) . We previously showed that cells lacking ␤1 integrins can endocytose soluble fibronectin but are severely impaired in their ability to endocytose ECM fibronectin (51) . Taken together, these data show that different receptor systems are involved in regulating ECM and soluble fibronectin and collagen 1 endocytosis. These data highlight the importance of distinguishing between endocytosis of soluble and polymerized forms of ECM proteins.
Recently, Endo180/uPARAP was shown to be an endocytic receptor for a variety of collagens, including collagen I, IV, and V (10 -12, 33) . Cells lacking Endo180 show a striking reduction in the endocytosis of soluble collagen I, IV, and V as well as denatured collagen (11, 12) . The importance of Endo180/uPARAP in regulating ECM collagen endocytosis was not tested, although Endo180/uPARAP null cells seeded onto in vitro polymerized collagen showed reduced clearance of the underlying collagen (33) . Our data show that Endo180/ uPARAP is involved in regulating collagen I endocytosis from the ECM (Fig. 6 ). There was a striking reduction in matrix collagen I uptake in Endo180/uPARAP null cells, despite the presence of ␤1 integrins (Fig. 6E) . Unexpectedly, Endo180/ uPARAP null cells were also defective in endocytosing ECM fibronectin (Fig. 6D) . In a previous report, Endo180/uPARAP null and WT cells were shown to endocytose equal amounts of soluble fibronectin (12) . Our data show a striking defect in the ability of Endo180/uPARAP null cells to endocytose ECM fibronectin (Fig. 6) , again highlighting mechanistic differences between receptor systems involved in regulating the endocytosis of soluble and polymerized ECM proteins. It is not currently known how Endo180/uPARAP regulates fibronectin endocytosis. We speculate that Endo180/uPARAP may interact with ␤1 integrins and modulate ␤1 integrin endocytosis.
Endo180/uPARAP is thought to be endocytosed by a clathrin-dependent mechanism. Electron microscopy studies have shown that Endo180/uPARAP can localize in clathrin-coated pits (28) . In addition, the Endo180/uPARAP cytoplasmic tail contains a dihydrophobic motif that fits a consensus sequence for association with adaptor proteins that are part of the clathrin endocytic pathway (6). This dihydrophobic motif was shown to be important for Endo180/uPARAP endocytosis (26) . Interestingly, our data show that caveolin-1 is involved in regulating ECM collagen uptake (Fig. 5) . The exact role that caveolin-1 plays in regulating ECM collagen I uptake is not known. Our published data strongly suggest that ␤1 integrin-mediated fibronectin uptake occurs in caveolae (51) . Hence, caveolae may similarly regulate ␤1 integrin-mediated collagen I endocytosis. Alternatively, the effect of caveolin-1 on collagen I uptake could be indirect. For example, caveolin-1 knockdown results in stabilization of ECM fibronectin fibrils (51). As discussed above, this could protect collagen I from MMP cleavage and hence reduce its endocytosis. ␤1 Integrins can also be endocytosed by a clathrin-dependent pathway (35, 40, 45) , although this pathway does not appear to be involved in endocytosis of fibronectin (51) .
Our EM studies show that extracellular fibrillar structures are present in cells cultured in the presence (Fig. S.2, B-D) but not in the absence of fibronectin (Fig. S.2A) . Our published data show that cells do not organize collagen I matrix fibrils when fibronectin is absent, despite the presence of endogenous or exogenously supplied type I collagen (54, 55) . However, our previous studies showed that fibronectin and type III collagen fibrils are able to form in cells in which collagen I fibril formation is inhibited (55) . We previously characterized a peptide (R1R2) that inhibits type I collagen matrix deposition but does not block fibronectin or collagen III fibril formation (55) . The presence of the R1R2 peptide resulted in sparser and thinner fibrils by EM (Fig. S.2D ) than those formed by control cells (Fig. S.2 , B and C). We did not find any evidence of banded collagen fibrils. This is consistent with published data showing that collagen deposited by cells in short-term cultures (such as we have used in our studies) does not form banded structures (15) . However, the ECM deposited by cells under our culture conditions is organized into fibrillar structures as shown by our immunofluorescence (Figs. 1, 7 , and S4) and EM images ( Fig. S.2 ). Similar nonbanded collagen fibrils have also been identified by others (15) .
Purified type I collagen can be organized into fibrils in the absence of cells. These in vitro polymerized collagen I fibrils have a banded appearance by EM (13, 29) . Our data show that cells can endocytose collagen from in vitro polymerized type I collagen fibrils (Fig. 1J) . Furthermore, endocytosis of in vitro polymerized collagen is also regulated by fibronectin (Fig. 2 , N-Q) and fibronectin polymerization (F. Shi, unpublished data). These data suggest that similar methods may be used to endocytose banded collagen fibrils and the nonbanded collagen fibrils that are produced by the cells in our experiments.
The studies in this paper show that fibronectin polymerization stabilizes collagen I matrix fibrils and results in a corresponding decrease in collagen I endocytosis. These studies provide further evidence of the importance of fibronectin polymerization in regulating ECM remodeling and demonstrate that one of the mechanisms by which fibronectin regulates ECM remodeling is by regulating the endocytosis of ECM proteins. The studies in this paper also show that multiple receptor systems regulate collagen I endocytosis. How ␤1 integrins and Endo180/uPARAP cooperate to regulate ECM collagen I uptake is not known. There is no published data suggesting that integrins and Endo180/uPARAP associate with each other. It will be interesting to determine how these two receptor systems participate in regulating both fibronectin and collagen I endocytosis.
